Background: Bordetella pertussis can cause severe respiratory disease and death in children. In recent years, large outbreaks have occurred in highincome countries; however, little is known about pertussis incidence in sub-Saharan Africa. Methods: We evaluated antibody responses to pertussis toxin (Ptx) from individuals aged between 2 and 90 years in rural Gambia. IgG-Ptx was measured using luminex xMAP technology. IgG-Ptx geometric mean concentrations (GMC) and their 95% confidence intervals were calculated. The proportion seropositive (>20 EU/mL or ≥62.5 EU/mL) and GMCs were compared by age, sex, ethnic group, vaccination status, birth order and number of siblings per household using logistic and linear regression. Results: 76.3% had anti-Ptx levels <20 EU/mL, 17.5% had concentrations between 20 and 62.5 EU/mL, 4.4% had concentrations between 62.5 and 125 EU/mL and 1.8% had concentrations ≥125 EU/mL. The overall Ptx antibody GMC was 6.4 EU/mL (95% confidence interval: 5.8-6.9). Higher antibody concentrations were observed in older populations with evidence for an increase in infection risk with increasing age (1.9% yearly increase, 95% confidence interval: 1.3-2.5). No child under 6 years of age had GMC above 62.5 EU/mL but 29.5% had concentrations between 20 and 62.5 EU/mL. Conclusions: These data provide evidence that B. pertussis is being transmitted within this population despite high vaccination coverage. Re-infection may occur implying that immunity from childhood vaccination may not be lifelong. In the absence of data on actual clinical cases of pertussis, seroprevalence studies remain valuable tools to assess the transmission dynamics of B. pertussis.
T he bacterium Bordetella pertussis which causes whooping cough can lead to severe respiratory disease and death mainly in infants. Recent mathematical models suggest that annually 16 million cases of pertussis occur worldwide, with 95% in lowincome countries, 1 and an estimated 81,400 die from this disease. 2 The introduction of whole cell pertussis vaccines (WCVs) in the 1950s in industrialized countries resulted in a dramatic decrease in pertussis cases. Although efficacious, reactogenicity of WCVs led to suboptimal vaccine uptake, therefore, less reactogenic acellular vaccines (ACVs) were introduced. 3 However, recent large outbreaks among infants and adults have been observed in several high-income countries. [3] [4] [5] This resurgence of pertussis has most likely arisen through a combination of factors: improved diagnostics; pathogen adaptation which may have reduced the efficacy of pertussis vaccines 6 ; waning immunity occurring after vaccination; vaccination which induces short duration of protection compared with natural infection with B. pertussis and finally, there is now evolving evidence to suggest that immunity induced by ACVs is less long lasting compared with WCVs vaccines. [7] [8] [9] The substantial increase especially among adolescents and young adults, despite high vaccination coverage, 5, 10, 11 is of public health concern as these individuals are important sources of infection for infants too young to be (fully) vaccinated. 12, 13 In high-income countries, young infants account for the majority of hospital admissions for pertussis and incidence in this age group is increasing. 3, 4, 14 These changes in the epidemiology of pertussis have raised concern that current vaccination strategies against pertussis might not be optimal and alternative strategies such as adolescent booster vaccinations, cocooning or maternal vaccination are now being considered and already implemented in some settings. 1 To understand to what extent the findings from industrialized countries also reflect the situation in sub-Saharan Africa and whether pertussis has re-emerged as a threat in a population vaccinated with a WCV only, insight into the levels of infection in populations is required. However, there have been only a few studies in Africa: they were conducted either in the context of a vaccine trial, 15, 16 or hospital-based and provide no information on less severe or subclinical cases 17 or focused only on children under 10 years of age. 18 To assess immunity and potential susceptibility to pertussis at population levels, we evaluated antibody concentrations to pertussis toxin (Ptx) in a cross-sectional study in sera from individuals aged between 2 and 90 years of age living in rural Gambia.
MATERIALS AND METHODS

Study Area and Population
Antibody concentrations against pertussis were measured in banked serum samples of an existing longitudinal cohort. This prospective cohort was created in 1984, when HBV vaccination was initiated in two Gambian villages in the Kiang West region (Keneba and Manduar). Since then, cross-sectional serological surveys at approximately 4-to 5-year intervals have been conducted to assess long-term HBV vaccine effectiveness. 19 At time of the original 2008 survey informed consent was given for use of stored blood samples for additional research. Stored samples from the 2008 serosurvey from adults and children aged >2 years of age were available to us. For children below the age of 2, a finger prick sample was collected and no serum remained for this study, hence this age group could not be included. For the remainder of the population, an age stratified sample was randomly selected, powered to achieve a 3% confidence interval (CI) for an estimate 5% seroprevalence. The current Expanded Programme on Immunisation schedule for the Gambia uses threedoses of the Pentavalent vaccine [Diphtheria-Tetanuswhole cell Pertussis (DTwP)-hepatitis B(HepB)-Hib] at 2, 3 and 4 months. A further fourth dose of DTwP is also given routinely at 18 months of age.
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Laboratory Methods
The banked sera were stored at -80°C until the time of testing. IgG antibodies directed against pertussis toxin (IgG-Ptx) were measured using luminex xMAP technology with a validated multiplex immunoassay for diphtheria, tetanus and pertussis as described previously. 21 In brief, reconstituted freeze-dried Ptx (National Institute for Biological Standards and Control, South Mimms, United Kingdom) was conjugated to activated carboxylated microsphere (Bio-plex COOH beads, Bio-rad, Hemel Hempstead, United Kingdom) following published methods. 22 The in-house pertussis standard (calibrated against the US reference pertussis anti-serum human lot 3 FDA) was diluted fourfold in 6 dilution steps (1:200-1:204,800), whereas unknown sera were diluted 1:200 and 1:4000. The detection antibody, goat anti-human IgG (ƴ chain specific) R-phycoerythrin conjugated (Jackson ImmunoResearch Laboratories Inc., Westgrove, PA) was diluted 1:200. Results were generated with a Bio-plex 200 system in combination with Bio-plex Manager software (version 4.1.1, Bio-rad, United Kingdom). Median fluorescent intensity was converted to EU/mL by interpolation from a 5-parameter logistic standard curve.
IgG-Ptx concentrations have been widely used to assess the prevalence of B. pertussis infections. Previous studies show that concentrations of anti-Ptx antibodies ≥62.5 and ≥125 EU/mL were evidence of a previous infection in the past 12 and 6 months, respectively. 11, [23] [24] [25] We categorized anti-Ptx IgG levels into 4 groups according to the estimated average time since infection; 0 to <20 EU/mL (no recent infection), 20 to <62.5 EU/mL (infection possibly more than a year ago and/or vaccination response), 62.5 to <125 (infection in the last year) and ≥125 EU/mL (infection in the past 6 months).
Statistical Analyses
Logarithms of anti-Ptx IgG levels and antibody geometric mean concentrations (GMC) and their 95% CIs were calculated. The proportion of seropositivity and GMCs were compared by age group. Logistic regression and χ 2 tests were used to compare and test the statistical significant of the difference of Ptx seropositivity (as defined by ≥20 or ≥62.5 EU/mL) between covariates of interest (age, sex, ethnic group, vaccination status, birth order and number of siblings per household). Student's t test and linear regression were used to estimate differences in log concentrations between covariate groups. Covariates were retained in the model if associations were observed at the P < 0·05 level and/or if they altered substantially the associations of other effect variables in multivariable analysis. Data on DwPT vaccination status were only systematically available for those born after January 1, 1996; thus, the above analysis was repeated to include vaccination status and restricted to this age group. Statistical analyses were performed using STATA 12·0 statistical software (http:// www.stata.com).
Ethical Approval
Approval was obtained from The Government of The Gambia/Medical Research Council Joint Ethics Committee (SCC1261).
RESULTS
A total of 1893 individuals from Keneba and Manduar were included in the initial 2008 HBV serosurvey. One thousand and sixty-seven (56·4%) of these samples were randomly selected throughout all age categories and included in this analysis. The general characteristics of the study population and levels of Ptx concentrations are shown in Table 1 . 95.5% were of Mandinka ethnic origin. Available data with vaccine records in the cohort (n = 298) show that 86% had received at least one dose and 77% at least 3 doses of DwPT vaccine (Table, Supplemental 
Ptx IgG Antibody Levels
Overall, 76·3% had anti-Ptx concentrations <20 EU/mL, 17.5% had concentrations between 20 and 62.5 EU/mL, 4.4% had concentrations between 62.5 and 125 EU/mL. Fewer than 2% of the population had concentrations ≥125 EU/mL. Ptx IgG concentrations by age groups are shown in Figures 1 and 2 .
Overall Ptx antibody GMC was 6·4 EU/mL (95% CI: 5.8-6.9), but 6.2% had anti-Ptx antibody concentrations ≥62.5 EU/ mL (Fig. 3) . Increasing age was associated with increasing GMC (1.9 % yearly increase, 95% CI: 1.3-2.5). The odds of having antibody concentrations ≥62.5 EU/mL were greater among those over 50 years of age compared with those younger than 10 years [odds ratio: 10·4 (95% CI 
DISCUSSION
Our data from a 2008 rural population cohort of over 1000 individuals aged between 2 and 90 years in The Gambia showed that 6% of individuals had antibody concentrations indicative of a pertussis infection within the last year (≥62.5 EU/mL). These data provide evidence that B. pertussis continues to be transmitted within this population despite high vaccination coverage. High IgG-Ptx concentrations (≥62.5 EU/mL) are a highly specific criterion for a pertussis infection within the last year. 24 Following infection with B. pertussis, an increase of IgG-Ptx is observed which reaches a maximum within a few weeks and then declines steadily for 6-12 months after infection. 26 Interpretation of IgG-Ptx concentrations is complicated by the fact that all pertussis vaccines contain Ptx. However, most WCVs hardly induce IgG-Ptx antibodies and high concentrations of IgG-Ptx induced by ACVs rapidly wane within 6 months. 23 The definitive level of antibodies required to protect against pertussis infection is not established, and evidence indicates an additional role of T-cell mediated immunity. 27, 28 Unfortunately, no samples were available to conduct T cell-based stimulation assays in this Gambian cohort.
Despite the population differences, our results are comparable with data from a resource-rich country: a seroprevalence study conducted in the Netherlands in 1995/1996 by our co-authors using samples of WCV vaccinated individuals analyzed with identical laboratory methods showed that 4.0% of individuals (95% CI: 3.3-4.7) above >9 years of age had IgG-Ptx concentrations ≥62.5 EU/mL. 11 For both studies, MIA Luminex was used, the correlation between MIA and Elisa was excellent in previous studies, and cut-off values are similar for both assays and based on the same international standard. Pertussis vaccine update in our cohort was generally high. The Expanded Programme on Immunisation was initiated in The Gambia in May 1979, initially administering BCG, Diphtheria-Tetanus-whole cell Pertussis (DTwP), measles, oral polio and yellow fever. HepB vaccine was phased in between 1986 and 1990 with Haemophilus influenzae type b (Hib) vaccine added to the schedules in 1997. In 2009, the pentavalent vaccine (DwPT-HepB-Hib) was introduced, and lately PCV13 and rotavirus vaccination were added. Data from our demographic surveillance system in Kiang West between 2005 and 2012 show that in general, over 95% of infants received 3 doses of DwPT and 83% of infants received a fourth dose. 20 These data are comparable with our study participants albeit with slightly lower coverage in our study population; in children <6 years of age, 93% were vaccinated with at least one dose of DwPT and 81.4% had received 3 or 4 doses. No child in this age group showed serological evidence of recent pertussis infection, possibly as they remain protected by the primary immunizations. In children aged between 6 and 10 years, overall anti-Ptx IgG concentrations were lower compared with the younger age group and 5.5% in this age group had concentrations ≥62.5 EU/mL. Both of these observations suggest waning of vaccine-induced immunity and evidence for increasing susceptibility to wild-type infection. The lack of very high concentrations observed in younger age groups could potentially be due to a blunted response, due to recent vaccination and hence resulting in less severe infection.
The higher antibody concentrations observed in the older age groups are consistent with increased risk of infection with increasing age, implying that immunity from childhood vaccination or disease may not be lifelong. However, because it is not possible to distinguish between antibodies induced by vaccination or infection using our current assays, it is also plausible that observed Ptx antibody concentrations may be the result of natural boosting. Our findings are consistent with previous studies in Senegal, 18 and further add to the evidence that the current pertussis vaccination strategies in subSaharan Africa may not be sufficient to provide long-term immunity. Alternatively increasing antibody levels with age could be due to age-related cumulative exposure to B. pertussis over time, possibly resulting in boosting of specific memory immune responses by continuous encounters with B. pertussis antigens. 30 Because there are no current data on pertussis incidence or case-fatality rates from low-income countries, expert opinion and modeling remain as the only methods available to provide such estimates. 2 Only one study in the 1980s to mid-1990s from Senegal carried out active surveillance within communities to measure changes in pertussis incidence pre-and post-vaccination introduction. 15, 16 Children less than 15 years of age were followed over a 13-year period for the occurrence of pertussis. 16 The crude pertussis incidence before vaccination was 183 per 1000 child-years, with a 2.8% case-fatality rate. After the introduction of the vaccination program, overall incidence dropped by 27% after 3 years and 46% after 6 years. A recent hospital study from Niger has reported 11.2% out of 305 children aged <5 years admitted with respiratory symptoms at the National Hospital of Niamey were positive for a Bordetella species detected by PCR, but only 1.3% were positive for B. pertussis. 17 The more recent Senegalese population-based data reported no cases of pertussis disease in children less than 10 years of age. 18 Anecdotally and according to hospital admission data, very little pertussis disease is being observed in any age group in The Gambia (Dr. S. Anderson, Head of Clinical Services, MRC Unit-The Gambia, personal communication). Misdiagnosis could be an important reason for the lack of clinical diagnosis of pertussis in The Gambia and other similar settings, as well as possibly underreporting of milder cases which may not be considered severe enough to report to health facilities, particularly in an African rural context. 18 Pertussis diagnosis in adolescents and adults is often delayed or missed because of mild symptoms. 3 Pertussis in infants can also present atypically; there may be no cough, 17 and children may die from extreme leukocytosis and pulmonary hypertension or even other causes (later) due to weight loss and secondary infections. Thus, without laboratory confirmation the cause of severe morbidity or death can often not be attributed directly to a pertussis infection. This remains a challenge in particular in resource-poor settings.
An important question is whether WCV may be better at preventing severe disease compared with ACV when given during childhood, even if not preventing infection. 7, 9 Evolving evidence suggests that immunity induced by ACVs is less long lasting compared with WCVs vaccines. [7] [8] [9] Infant priming with WCV has been shown to be associated with a lower risk of subsequent pertussis than ACV only primed infants, 7, 9 with the effect of protection through WCV persisting for more than a decade. 9 Long-term protection against disease was also observed when immunity was induced by natural infection, and evidence from human and animal studies suggest that natural infection is more effective than vaccination in conferring protection against subsequent (secondary) infection. The baboon model of pertussis suggests that both WCVand ACV-immunized baboons can be re-infected, but B. pertussis is cleared faster in the former group. 8 Further studies of immunity in countries where WCVs are still used, such as the Gambia, will provide an opportunity to further clarify the interdependence of cellular and humoral mechanisms of protection.
Very little is known about currently circulating strain types in the Gambia and their virulence factors in comparison to those in higher income countries. Further studies of strain diversity and its impact on host responses may be warranted to compare populations that use either WCV or ACV to better understand the epidemiological differences between high-and low-income countries, and to guide public health efforts to protect the population against severe pertussis infections.
In conclusion, our serological study shows that B. pertussis is still circulating within populations of The Gambia. In the absence of data on actual clinical cases of pertussis, seroprevalence studies remain valuable tools to assess the transmission dynamics of B. pertussis. However, without data from case findings studies the long-term impact of vaccination on pertussis incidence and severity of illness in low-income countries remains unclear.
